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SUMMARY 
The performance of s i l i c o n  s o l a r  c e l l s  wi th  p-n junc t ions  on t h e  noni l lumi-  
nated s u r f a c e  ( i . e . ,  upside-down o r  back-wall c e l l s )  was c a l c u l a t e d .  These 
s t r u c t u r e s  cons i s t ed  of a  uniformly shaped p-type s u b s t r a t e  l a y e r ,  a  p+-type 
f i e l d  l a y e r  on t h e  f r o n t  ( i l luminated)  su r f ace ,  and a  shallow, n-type junc t ion  
on t h e  back (noni l luminated)  su r f ace .  A four - layer  s o l a r  c e l l  model w a s  used 
t o  c a l c u l a t e  e f f i c i e n c y ,  open-c i rcu i t  vo l t age ,  and s h o r t - c i r c u i t  c u r r e n t .  The 
e f f e c t  on performance of p-layer t h i ckness  and r e s i s t i v i t y  was determined. The 
d i f f u s i o n  l eng th  was v a r i e d  t o  s imu la t e  t h e  e f f e c t  of r a d i a t i o n  damage. The r e -  
s u l t s  show t h a t  peak i n i t i a l  e f f i c i e n c i e s  g r e a t e r  than  15  percent  a r e  p o s s i b l e  
f o r  c e l l  th icknesses  of 100 micrometers o r  l e s s .  Af t e r  10  yea r s  of r a d i a t i o n  
damage i n  geosynchronous o r b i t ,  t h i n  (25 t o  50 p t h i c k )  c e l l s  made from 10- t o  
100-ohm-cm m a t e r i a l  show t h e  sma l l e s t  decrease  (-10 percent )  i n  performance. 
INTRODUCTION 
A back-wall, o r  upside-down, s o l a r  c e l l  ( r e f .  1) is  a convent ional  n+-p-p+ 
device  w i t h  i t s  c o l l e c t i n g  p-n junc t ion  on t h e  noni l luminated bottom s i d e  of t h e  
device.  The p+ s i d e  i s  covered wi th  a  gr idded con tac t ;  t h e  n+ reg ion  has f u l l  
a r e a  m e t a l l i z a t i o n .  Back-wall c e l l s  a r e  s i m i l a r  t o  c e r t a i n  high-voltage c e l l  
des igns  t h a t  have c o l l e c t i n g  p-n junc t ions  25 o r  more micrometers from t h e  i l l u -  
minated s u r f a c e  ( r e f .  2 )  o r  t o  i n t e r d i g i t a t e d  back-contact c e l l s  ( r e f s .  3 and 4 ) .  
The i n t e r d i g i t a t e d  c e l l s  t h a t  a r e  most similar t o  t h e  back-wall c e l l  des ign  a r e  
those  w i t h  a f ron t - su r f ace  f i e l d .  S t r u c t u r e s  l i k e  t h e s e  have been prepared f o r  
space use;  hence, i t  i s  of i n t e r e s t  t o  a s s e s s  t h e i r  performance i n  a  r a d i a t i o n  
environment. 
The present  work explores  a n a l y t i c a l l y  t h e  performance of a  range of back- 
w a l l  c e l l  s t r u c t u r e s .  The performance t r ends  of t h e s e  back-wall c e l l  des igns  
a r e  ca l cu la t ed  by us ing  a  four- layer  s o l a r  c e l l  model. This  model has  been used 
previous ly  ( r e f s .  5  t o  8) t o  c a l c u l a t e  s o l a r  c e l l  performance and has shown good 
agreement wi th  experiment. The in f luence  of t h e  back-wall c e l l  t h i ckness ,  t h e  
bulk r e s i s t i v i t y ,  and t h e  r a d i a t i o n  damage c o e f f i c i e n t  on performance was d e t e r -  
mined. The ranges of parameters used i n  t h e  model can be  achieved wi th  p re sen t  
technology. These c a l c u l a t i o n s  a r e  intended t o  g i v e  t h e  scope of t h e  problem 
and t o  i l l u s t r a t e  performance t r ends .  Experimental d a t a  were n o t  a v a i l a b l e  f o r  
comparison. 
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THEORETICAL MODEL 
The s o l a r  c e l l  model used f o r  t h e s e  c a l c u l a t i o n s  has been descr ibed  e l s e -  
where ( r e f s .  5  t o  8 ) .  The model i s  based on a  four - layer ,  homojunction semi- 
conductor s o l a r  c e l l .  Layer widths,  impuri ty  concentrat$ons,  s u r f a c e  p r o p e r t i e s ,  
and m a t e r i a l  p r o p e r t i e s  can be  s p e c i f i e d .  Exponential  impuri ty  d i s t r i b u t i o n s  
a r e  assumed so  t h a t  d r i f t  f i e l d  s t r e n g t h s  w i t h i n  each l a y e r  a r e  cons t an t .  
The equat ions  used i n  t h e  model were der ived  by so lv ing  t h e  c o n t i n u i t y  
equat ion:  The c u r r e n t  t r a n s p o r t  equat ion  and a p p r o p r i a t e  boundary cond i t i ons  
were used t o  s o l v e  f o r  t h e  d iode  s a t u r a t i o n  c u r r e n t  d e n s i t y  J O  and f o r  t h e  
s h o r t - c i r c u i t  c u r r e n t  d e n s i t y  Jsc. The open-c i rcu i t  v o l t a g e  Voc, maximum 
power Pmax, curve f a c t o r  CF, and  air-mass-zero (AMO) e f f i c i e n c y  were c a l c u l a t e d  
i n  r e f e r e n c e  8. I n  c a l c u l a t i n g  t h e  curve  f a c t o r ,  a  d iode  q u a l i t y  f a c t o r  of 1 
and a  s e r i e s  r e s i s t a n c e  of zero were assumed. For most c e l l s ,  t h i s  r e p r e s e n t s  
about a  3  percent  overes t imate  of power and curve  f a c t o r .  Data i n  t h i s  paper 
were not  ad jus t ed  f o r  t h a t  overes t imate .  The AM0 s o l a r  cons t an t  used was 135.6 
m~Icm2. 
Some of t h e  va lues  used i n  t h e  c a l c u l a t i o n s  a r e  shown i n  f i g u r e  1. Zero 
o p t i c a l  r e f l e c t i o n  and lower f ron t - su r f ace  recombination v e l o c i t y  (S110 cm/sec) 
were used t o  improve c e l l  performance. The p+ f ron t - su r f ace  f i e l d  reg ion  was 
about 1 micrometer deep. The c a r r i e r  concen t r a t ion ,  mob i l i t y ,  and d i f f u s i o n  
l eng th  were c h a r a c t e r i s t i c  of a n  a l loyed  o r  heav i ly  doped d i f f u s e d  reg ion .  The 
n+ and n  r eg ions  were 0.25 micrometer deep and had p r o p e r t i e s  c h a r a c t e r i s t i c  of 
a  shal low d i f f u s e d  junc t ion .  The s u r f a c e  recombination v e l o c i t y  a t  t h e  back 
w a l l  (under t h e  f u l l - a r e a  m e t a l l i z a t i o n )  was l o 8  cm/sec. 
Both f r o n t -  and back-surface recombination v e l o c i t i e s  were assumed t o  be  
cons tan t  and independent of r a d i a t i o n  f luence .  I f  S  increased  w i t h  i r r a d i a t i o n ,  
a d d i t i o n a l  degrada t ion  i n  c e l l  performaace would b e  p red ic t ed  by t h e  four - layer  
model. Complete c o l l e c t i o n  of c a r r i e r s  w a s  assumed wi th in  t h e  d e p l e t i o n  reg ion .  
The p-region bulk  of t h e  c e l l  w a s  a  uniformly doped, f i e l d - f r e e  r eg ion  from 
25 t o  100 micrometers t h i c k .  The p-region r e s i s t i v i t i e s ,  corresponding t o  i n i -  
t i a l  d i f f u s i o n  l eng ths  and r a d i a t i o n  damage c o e f f i c i e n t s  f o r  1-MeV e l e c t r o n s  
( r e f .  9) used i n  t h e  c a l c u l a t i o n s  a r e  shown i n  t a b l e  I .  The i n i t i a l  d i f f u s i o n  
l eng ths  chosen correspond t o  reasonable  minor i ty  c a r r i e r  l i f e t i m e s  f o r  t h e  var -  
i ous  r e s i s t i v i t i e s .  The d i f f u s i o n  l e n g t h  a f  ter a g iven  f  luence  was c a l c u l a t e d  
wi th  t h e  u s u a l  equat ion  ( r e f .  9 ) .  
RESULTS AND DISCUSSION 
Ef f i c i ency  i s  shown as a  func t ion  of f l u e n c e  f o r  25-, 50-, and 100-micro- 
meter-thick, 10-ohm-cm back-wall c e l l s  i n  f i g u r e  2 ,  Almost a l l  t h e  l o s s  i n  
e f f i c i e n c y  i s  due t o  l o s s  i n  J The i n i t i a l  u n i r r a d i a t e d  e f f i c i e n c i e s  a r e  
about 15.2 percent  f o r  25- and 50-micrometer-thick c e l l s  and about  14.1 percent  
f o r  100-micrometer-thick c e l l s .  This  demonstrated t h a t  h igh  beginning-of- l i fe  
(BOL) e f f i c i e n c i e s  a r e  p o s s i b l e  f o r  back-wall c e l l s .  F igure  2  a l s o  shows t h a t  
t h i n  back-wall c e l l s  degrade l e s s  r a p i d l y  than  t h i c k e r  c e l l s .  
A f l u e n c e  of 4x1014 electrons/cm2 corresponds t o  about 10  yea r s  i n  geo- 
synchronous o r b i t  and i s  def ined  h e r e i n  a s  t h e  end-of- l i fe  (EOL) condi t ion .  A t  
end of l i f e  t h e  25-micrometer-thick c e l l  is  13.4 percent  e f f i c i e n t  and t h e  50- 
and 100-micrometer t h i c k  c e l l s  a r e  11.3 and 6.2 percent  e f f i c i e n t ,  r e s p e c t i v e l y .  
Thus, accep tab le  endyo£-life e f f i c i e n c i e s  may be p o s s i b l e  i f  back-wall c e l l s  
a r e  made u l t r a t h i n .  
S imi l a r  c a l c u l a t i o n s  were performed f o r  back-wall c e l l s  made from 1- and 
100-ohm-cm m a t e r i a l .  These c a l c u l a t i o n s ,  a long w i t h  those  f o r  10-ohm-cm c e l l s ,  
a r e  shown i n  f i g u r e  3. E f f i c i ency  i s  p l o t t e d  a s  a func t ion  of r e s i s t i v i t y  f o r  
t h r e e  c e l l  th icknesses .  The beginning-of- l i fe  r e s u l t s  ( f i g .  3 ( a ) )  show t h a t  1 5  
percent  e f f i c i e n c i e s  can be achieved wi th  s e v e r a l  conbina t ions  of th ickness  and 
r e s i s t i v i t y .  However, 100-micrometer-thick c e l l s  made from 1- and 10-ohm-cm 
m a t e r i a l  a r e  l e s s  e f f i c i e n t  because t h e  d i f f u s i o n  l e n g t h  i s  reduced. The end- 
o f - l i f e  r e s u l t s  ( f i g .  3 (b) )  show t h a t  50-micrometer-thick, 100-ohm-cm back-wall 
c e l l s  and 25-micrometer-thick, 10- and 100-ohm-cm back-wall c e l l s  can achieve  
an  e f f i c i e n c y  of 1 3  percent .  This  r e p r e s e n t s  on ly  about a 10  percent  l o s s  i n  
performance over t h e  l i f e  span, compared wi th  1 5  t o  20 percent  f o r  convent ional  
c e l l  des igns .  Therefore,  us ing  t h i n ,  h i g h - r e s i s t i v i t y  m a t e r i a l  appears  t o  y i e l d  
both h igh  BOL and h igh  EOL performances i n  t h e  back-wall c e l l  des ign .  
SUMMARY OF RESULTS 
Ca lcu la t ions  of back-wall s i l i c o n  s o l a r  c e l l  performance w i t h  a four - layer  
model gave t h e  fol lowing r e s u l t s :  
1. Back-wall c e l l s  can achieve  1 5  percent  air-mass-zero beginning-of- l i fe  
e f f i c i e n c y .  
2. Air-mass-zero, end-of- l i fe  e f f i c i e n c y  of 1 3  percent  i s  p o s s i b l e  wi th  
50-micrometer-thick, 100-ohm-cm m a t e r i a l  o r  w i th  25-micrometer-thick, 10- o r  
100-ohm-cm ma te r i a l .  
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TABLE I. - BACK-WALL CELL MODELING PARAMETERS 
9 
R e s i s t i v i t y ,  
ohm- cm 
1 
10 
100 
* 
I n i t i a l  
d i f f u s i o n  
length ,  
IJm 
100 
200 
600 
Damage 
c o e f f i c i e n t ,  
e l ec t ron -1  
2 .0x10-~0  
4 .  5x10-l1 
1 . o x ~ o ' ~ ~  
Figure 1.- Cross section of thin, four-layer backwall cell. Air-mass-0 il lumination. 
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Figure 2.- Efficiency as func t ion  of f luence for 10-ohm-cm backwall cells. 
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Figure 3. - Efficiency as function of resistivity for backwall cells. 
